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Localized gene expression patterns are critical for establishing body plans in all multicellular animals. In Drosophila, the
gap gene hunchback (hb) is expressed in a dynamic pattern in anterior regions of the embryo. Hb protein is first detected as
shallow maternal gradient that prevents expression of posterior gap genes in anterior regions. hb mRNA is also expressed
ygotically, first as a broad anterior domain controlled by the Bicoid (Bcd) morphogen, and then in a stripe at the position
f parasegment 4 (PS4). Here, we show that the PS4-hb stripe changes the profile of the anterior Hb gradient by generating
localized peak of protein that persists until after the broad domain has started to decline. This peak is required specifically
or the formation of the mesothoracic (T2) segment. At the molecular level, the PS4-hb stripe is critical for activation of the
omeotic gene Antennapedia, but does not affect a gradient of Hb repressive activity formed by the combination of maternal
nd Bcd-dependent Hb. The repressive gradient is critical for establishing the positions of several target genes, including the
ap genes Kruppel (Kr), knirps (kni), and giant (gt), and the homeotic gene Ultrabithorax (Ubx). Different Hb
oncentrations are sufficient for repression of gt, kni, and Ubx, but a very high level of Hb, or a combinatorial mechanism,
s required for repression of Kr. These results suggest that the individual phases of hb transcription, which overlap
emporally and spatially, contribute specific patterning functions in early embryogenesis. © 2001 Academic Pressp
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1INTRODUCTION
The Drosophila body plan is established by a cascade of
egmentation genes that divide the embryo into 14 contigu-
us segments (reviewed in Ingham, 1988; Pankratz and
ackle, 1993; Small, 1997). Unique structural features in
ach segment are specified by homeotic genes, which are
xpressed at specific positions along the anterior–posterior
xis (reviewed in McGinnis and Krumlauf, 1992). The gap
ene hunchback (hb) provides positional information that
s critical for the regulation of both segmentation and
omeotic genes. hb mRNA is initially transcribed during
ogenesis, and distributed uniformly in late-stage oocytes
Tautz et al., 1987). In the early embryo, however, maternal
b protein exists as a broad anterior-to-posterior gradient
ue to translational repression by an opposing gradient of
anos (Nos) (Wang and Lehmann, 1991). hb is also tran-
scribed zygotically in two stages. First, the anterior mor-
1 To whom correspondence should be addressed. Fax: (212) 995-
4015. E-mail: stephen.small@nyu.edu.
0012-1606/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.hogen Bicoid (Bcd) and maternal Hb activate hb expression
hroughout the anterior half of the embryo (Driever and
usslein-Volhard, 1989; Schroder et al., 1988; Simpson-
rose et al., 1994; Struhl et al., 1989; Tautz, 1988). By
idcycle 14, this primary expression is replaced by a
econdary pattern consisting of a variable head domain, a
tripe at the position of parasegment 4 (PS4-hb), and a
osterior stripe (Hulskamp, 1991). The PS4-hb stripe is not
xpressed in zygotic hb mutants, suggesting activation by
utoregulation (Hulskamp et al., 1994; Margolis et al.,
995), which may be direct or indirect through repression of
he posterior repressor knirps (kni) (Kosman and Small,
997; Wimmer et al., 2000). Two separate basal promoters
ontrol the three stages of hb transcription. A distal pro-
oter (P1-hb) directs maternal transcription and the sec-
ndary zygotic stripes, and a proximal promoter (P2-hb)
irects primary zygotic expression (Bender et al., 1988;
riever and Nusslein-Volhard, 1989; Lukowitz et al., 1994;
argolis et al., 1995; Schroder et al., 1988; Struhl et al.,
989). All hb mRNA transcripts encode the same Zn21-
finger-containing transcription factor (Tautz et al., 1987).
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80 Wu et al.The dynamic hb expression pattern is consistent with
ultiple roles in early embryonic patterning. Mutants
epleted of both maternal and zygotic hb activity produce
o gnathal or thoracic structures, and show polarity rever-
als of the most anterior abdominal segments (Lehmann
nd Nusslein-Volhard, 1987). Strong zygotic mutants
which also contain only half the maternal hb dose) show a
ess severe phenotype in anterior regions, but still lack all
hree thoracic segments (T1–T3), and part of the labial
egment (Lehmann and Nusslein-Volhard, 1987). The dif-
erence in phenotypes suggests that maternal and zygotic
b each provide specific patterning functions in wild-type
mbryos. However, embryos lacking all maternal hb de-
elop normally if they inherit one copy of wild-type hb
aternally (Lehmann and Nusslein-Volhard, 1987). Further-
ore, increasing the level of maternal hb using hb trans-
enes can rescue some of the defects observed in zygotic hb
utants (Schulz and Tautz, 1994; Wimmer et al., 2000),
ndicating that there are significant redundancies between
aternal and zygotic hb functions.
hb functions by regulating the expression of target genes
long the anterior–posterior axis. For example, genetic
xperiments suggest that the maternal Hb gradient posi-
ions the expression domains of the gap genes Kru¨ppel (Kr),
nirps (kni), and giant (gt), which are normally located in
entral and posterior regions of the embryo (Fig. 1) (Hul-
kamp et al., 1990; Struhl et al., 1992). In this model, kni
nd gt respond to relatively low levels of the Hb repressor,
hile very high levels are required to repress Kr (Schulz and
autz, 1994). In zygotic hb mutants, there is an anterior
xpansion of the Kr domain, suggesting that a combination
f maternal and zygotic hb expression is required for setting
he anterior border (Hulskamp et al., 1990; Struhl et al.,
992). The homeotic genes Antennapedia (Antp) and Ultra-
ithorax (Ubx), which are expressed in PS4 and PS6 in late
lastoderm embryos, are also severely affected in zygotic hb
utants. PS4-Antp is abolished in these mutants, and the
S6-Ubx pattern is expanded anteriorly, suggesting that
ygotic hb is involved in Antp activation and Ubx repres-
ion (Harding and Levine, 1988; Irish et al., 1989; White and
ehmann, 1986). hb-binding sites have been identified in
he Ubx regulatory region, suggesting a direct repressive
interaction (Qian et al., 1993; Zhang et al., 1991), but the
role of Hb in regulation of Antp is less clear.
Understanding how zygotic hb functions in anterior
embryonic patterning is difficult because the two expres-
sion domains (P2-hb and PS4-hb) overlap temporally and
spatially. To assign specific functions to each domain,
several groups have attempted to rescue the zygotic hb
mutant phenotype by using transgenes controlled by spe-
cific hb-regulatory elements. For example, P2-hb trans-
genes express only the Bcd-dependent primary pattern, and
rescue most of the head defects in zygotic mutants and two
thoracic segments (T1 and T3), but not the mesothoracic
segment (T2) (Lukowitz et al., 1994; Margolis et al., 1995).
This suggests that the PS4-hb stripe is required for the
formation of T2 (Hulskamp et al., 1994). However, this R
Copyright © 2001 by Academic Press. All rightinterpretation is clouded by the fact that the rescued
embryos also contain only half the maternal Hb dose. In a
reciprocal experiment, Wimmer et al. (2000) deleted the P2
promoter from a hb rescue construct (P1 only-hb) to test
whether the combination of maternal hb and PS4-hb can
functionally replace the Bcd-dependent expression pattern.
When three copies of this transgene were introduced into
embryos that also lack one copy of the posterior repressor
kni, several rescue phenotypes were observed, including the
rescue of T1 only, T1 and T3 only, or, in a small percentage
of cases, all three thoracic segments (Wimmer et al., 2000).
The reason for this variability is unclear, but these results
support the hypothesis that formation of T2 requires very
high levels of hb activity, which is also consistent with
previous genetic studies. For example, embryos homozy-
gous for the weakest hb allele (hb9R) lack only T2 (Lehmann
and Nusslein-Volhard, 1987).
The preceding experiments suggest that the PS4-hb stripe
is required for establishing the T2 segment. Here, we
specifically remove the PS4-hb stripe by misexpressing very
low levels of the gap gene kni in an adjacent domain
(Kosman and Small, 1997). In contrast to previous rescue
experiments, this approach permits the removal of the
PS4-hb stripe without affecting the dosage of maternal hb.
FIG. 1. Schematic representation of the Hb, Gt, Kr, and Kni
protein gradients in blastoderm embryos (top), and the positions of
stripes of the pair-rule genes h, eve, and ftz, the homeotic genes Scr,
Antp, and Ubx, and the segment polarity gene en. Rows of cells
that express en mark the anterior-most cells of each parasegment,
which is out of register with each segment. The positions of the
labial (lab), three thoracic (T1–T3), and first abdominal (A1) seg-
ments are shown below.emoval of the stripe changes the spatial and temporal
s of reproduction in any form reserved.
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81Thoracic Patterning by hunchbackprofile of the Hb expression domain, and results in the
deletion of T2 and embryonic lethality in the majority of
cases. This lethality can be completely rescued to adult-
hood by the introduction of an independently regulated hb
stripe that overlaps PS4. To determine how the PS4-hb
stripe contributes to thoracic patterning, we monitored the
changes in expression patterns of segmentation and ho-
meotic genes caused by these manipulations. Our results
show that the PS4-hb stripe creates a localized peak of Hb
protein that persists until late cycle 14. This peak is
required specifically for activation of Antp in PS4, which
leads to the establishment of the mesothorax. However,
The PS4-hb stripe is not required for repression of Kr, kni,
r PS6-Ubx, suggesting that the combination of maternal
nd P2-hb is sufficient for setting these borders.
MATERIALS AND METHODS
Targeted Misexpression Experiments
The experiments described here use variations of the minimal
FIG. 2. A comparison of hb RNA (A, B) and protein (C, D) exp
emiquantitative graphs of Hb levels along the anterior–posterior ax
mbryonic length is plotted along the x axis, with 100% represe
orresponds to Hb concentration, is plotted on the y axis. The pea
S4.stripe 2 enhancer from the even-skipped (eve) gene, which drives
Copyright © 2001 by Academic Press. All rightexpression at the position of parasegment 3 in blastoderm embryos
(Small et al., 1992). Within this enhancer, there are five binding
sites for the activator Bcd, three of which are low-affinity binding
sites (Small et al., 1991). Increasing the binding affinity of these
sites (Driever et al., 1989) increases the levels of expression driven
by the enhancer (Arnosti et al., 1996). The st2-knirps (st2-kni)
misexpression construct used here, P{w1mC eve2* .hsp70 39.
kni{eve39}, contains only one copy of this enhancer (Kosman and
Small, 1997), while the st2-hairy (st2-h) construct, P{w1mC (eve2*)2
.hsp70 39. h{eve39}, contains two tandem copies and drives
higher levels of mRNA and protein. For hb misexpression, two
separate transgenes were used. The st2-hb transgene, P{w1mC
(eve2*)2 .hsp70 39. h{eve39}, contains two copies of the aug-
mented stripe 2 enhancer. The st2DK-hb transgene, P{w1mC
(eve2*DKr)2 .hsp70 39. h{eve39}, contains two similar enhanc-
rs, but these were further mutated to destroy three high-affinity
inding sites for the gap protein Kru¨ppel (Kr), which acts as a
epressor of the posterior border of the stripe (Small et al., 1992;
tanojevic et al., 1991). This change partially relieves Kr-mediated
repression of the eve stripe 2 response, which causes an expansion
of the misexpression domain two to three nuclear diameters
toward the posterior.
In all cases, the enhancers were fused to an eve basal promoter
n profiles in early (A, C, E) and midcycle-14 embryos (B, D, F).
the embryos in (C) and (D) are shown in (E) and (F). The percentage
the anterior tip. Relative immunofluorescence intensity, which
fluorescence at 55% embryo length corresponds to the position ofressio
es of
nting
k offragment that extends from a PstI site 42 bp upstream of the
s of reproduction in any form reserved.
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82 Wu et al.transcription start site to a HinFI site 80 bp into the 59UTR. The
kni cDNA fragment used here extends from the NruI site 54 bp
pstream of the translation initiation site to a BamHI site 240 bp
ownstream of the stop codon (Kosman and Small, 1997; Nauber et
l., 1988). The h cDNA extends from an artificial EcoRI site 145 bp
pstream of the translation start site to an NdeI site 13 bp
ownstream of the stop codon. The h coding region contains a
mall deletion that removes one of the OPA-like sequences from
he cDNA (J. P. Gergen, personal communication). The hb cDNA
xtends from an artificial NdeI site at the initiating codon to an
coRI site 160 bp 39 of the stop codon (Tautz et al., 1987). To avoid
ominant lethality caused by ectopic expression, all constructs also
ontain a FLPout cassette (FRT-stop-FRT; Struhl et al., 1993)
nserted between the eve basal promoter and the cDNA to be
xpressed. This insertion renders the constructs transcriptionally
ilent until the yeast FLPase enzyme activates them. All constructs
lso contain 1.5 kb of eve 39 untranslated sequences inserted
ownstream of the cDNA sequences.
In these experiments, we analyzed three independent trans-
enic lines containing the st2-kni construct, seven containing
t2-h, two containing st2-hb, and six containing st2DK-hb. To
ctivate misexpression, males were generated that carry a given
isexpression transgene along with a b2-tubulin-FLP transgene,
which activates FLP expression and recombination between the
FRTs during spermatogenesis (Struhl and Basler, 1993). These
males were then mated with w1118 females, and embryos were
collected for analysis.
In preliminary experiments, we found that activation of ectopic
hb in otherwise wild-type embryos causes no deleterious effects on
development. Therefore, we generated individual lines from single
males that contain activated st2-hb or st2DK-hb transgenes, and
sed these preactivated lines in all experiments shown here. The
t2-kni and st2-h lines used here, however, cause dominant lethal-
ty (see below), and were activated in males for each experiment.
revious experiments suggest that the FLP-mediated activation of
his construct is more than 95% efficient (Kosman and Small,
997). Misexpression levels were monitored by in situ hybridiza-
ion, and some variations in expression levels were detected among
he different lines. The st2-kni lines described here direct very low
evels of kni mRNA (Kosman and Small, 1997). Of the seven st2-h
ines analyzed, several different expression levels were detected.
he experiments here were performed by using the st2-h-9G line,
hich directs high expression levels. Of the eight hb misexpression
ines, line st2DK-hb-1 produces the highest expression levels (data
ot shown), and was used in most experiments. Two intermediate
ines, st2DK-hb-2 and st2-hb-2, were used to compare the effects of
he two different versions of the enhancer.
To generate embryos carrying both the st2DK-hb and st2-kni
ransgenes, females homozygous for the activated hb transgene
ere mated with males carrying both st2-kni and the b2-tubulin-
FLP transgene. Thus, all embryos collected in these experiments
carry one copy of the hb misexpression construct, while half of
these also carry one copy of the activated st2-kni construct. hb14F,
a null allele (Lehmann and Nusslein-Volhard, 1987), was used in
the hb mutant rescue experiments.
Analysis of Gene Expression Patterns
Single and double whole-mount in situ hybridizations using
anti-sense RNA probes were performed by using standard tech-
niques (Kosman and Small, 1997). Larval cuticles were prepared
and analyzed as previously described (Wu et al., 1998). Simulta-
Copyright © 2001 by Academic Press. All rightneous fluorescecent detection of Hb protein and ftz mRNA was
performed as follows. Embryos were fixed and hybridized with a
digoxigenin (dig)-labeled RNA probe complementary to the ftz
mRNA sequence according to standard protocols (Jiang et al.,
1991), with two modifications. First, proteinase K was not used
in the procedure, which improves embryo morphology, and
probably helps keep the Hb protein epitopes intact for the
immuno-staining step. Second, embryos were hybridized at 55°C
for 40 h with occasional stirring. The long hybridization signifi-
cantly increases the signal:noise ratio. After hybridization, em-
bryos were washed twice for 30 min each in hybridization buffer
(HB) at 55°C, then for 10 min in a 1:1 mixture of HB and PBT (13
BS, 0.1% Tween 80) at room temperature (RT), and four times
or 15 min each in PBT at RT. Embryos were then incubated
vernight at 4°C with a sheep anti-dig IgG (1:300) (Boehringer
annheim) and a rat anti-Hb antibody (1:300; Kosman et al.,
998b). To unambiguously identify genotypes during the scan-
ing process, a third antibody, a guinea pig anti-Kr (1:300;
osman et al., 1998b) for the st2-kni 3 w1118 cross or a guinea pig
anti-Kni (1:300; Kosman et al., 1998b) for the st2DK-hb-1 3
st2-kni cross, was also added to the reactions. After washing
several times in PBT at RT, embryos were incubated for 2 h at
RT with a biotinylated donkey anti-sheep IgG (Jackson Immu-
noResearch Laboratories) diluted 1:200 in PBT plus 1% nonfat
dry milk. Embryos were then washed several times to remove
unbound antibody, and were incubated with 5 mg/ml Avidin-
CS (Vector Lab) in carbonate buffer (0.1 M NaHCO3, 0.15 M
NaCl, 0.1% Tween 80, pH 8.5) for 30 min at RT in the dark.
Embryos were protected from light from this point on. The free
avidin-DCS was then washed away, and the embryos were
incubated overnight at 4°C with a biotinylated goat anti-avidin
D antibody (Vector Lab) diluted 1:200 in PBT plus 1% nonfat dry
milk. A Cy5-conjugated goat anti-rat antibody and a Rhodamine
Red-X-conjugated donkey anti-guinea pig antibody (Jackson Im-
munoResearch Laboratories) were added at this time (1:250) to
detect the anti-Hb, anti-Kr, and anti-Kni antibodies. The em-
bryos were then washed extensively, and incubated for 30 min
with 5 ug/ml Avidin-DCS in carbonate buffer as above. Finally,
embryos from the two reactions were combined and washed
overnight in PBT at 4°C, then mounted in DTG1 [88% glycerol,
9.5% 0.5 M Tris, pH 8.0, 2.5% diazabicyclo (2.2.2) octane].
Confocal scanning and quantification of expression patterns
were performed as previously described (Kosman et al., 1998a).
Briefly, images were rotated to bring the principal moments of
the embryo shape in line with the x and y axes, cropped to the
dimensions of this shape, and, after inspection, flipped to obtain
the conventional orientation. Due to the cytoplasmic localiza-
tion nature of the ftz mRNA signal, only the pixel maxima of the
two channels containing protein signals were used to generate
the nuclear mask. This same mask was used for measuring the
mRNA signal intensity. The watershed method (instead of
skeletonization) was then used for the correction step following
edge detection (Bowler, J.R., and D.K., unpublished data). Thus,
the three-channel image of each embryo was converted into a
text file containing a numbered list of identified nuclei. Each
nucleus was identified by the coordinates of its centroid in
percent egg length and percent height, along with the fluores-
cence values in each channel averaged over that nucleus. Indi-
vidual text files were then used to plot the graphs of expression
patterns in this paper.
s of reproduction in any form reserved.
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83Thoracic Patterning by hunchbackRESULTS
The Temporal Profile of hb Expression
Primary zygotic expression of hb mRNA (P2-hb) covers
uch of the anterior half of wild-type embryos early in
uclear cleavage cycle 14 (Bender et al., 1988; Fig. 2A). This
attern is soon transformed into the secondary pattern,
hich includes the PS4-hb stripe (Fig. 2B). This stripe
ppears just before midcycle 14, and persists until the onset
f gastrulation. The distribution of Hb protein is similar to
he mRNA profile, but the protein seems to degrade more
lowly. Thus, in midcycle-14 embryos, the Hb pattern
onsists of a broad anterior domain, with a peak at the
osition of PS4 (Figs. 2D and 2F). Later, when cellulariza-
ion is complete, Hb in anterior regions degrades further,
eaving a clear stripe at PS4 (data not shown).
To specifically remove this stripe, we used a misexpres-
ion transgene (st2-kni) that directs barely detectable levels
f the gap gene kni at the position of PS3 (see Materials and
ethods). Ectopic kni expression completely abolishes the
S4-hb stripe (Kosman and Small, 1997; Fig. 3B), and the
eak of Hb protein observed in wild-type embryos (Figs. 3E
nd 3H). By the end of cellularization, no protein is detect-
ble at the PS4 position of st2-kni embryos (data not
hown). We further quantified the relative levels of Hb at
idcycle 14 in wild-type and st2-kni embryos. The PS4
osition was determined by simultaneous fluorescence in
itu hybridization with an RNA probe directed against fushi
arazu (ftz), a pair-rule gene expressed in stripes that corre-
pond to the even-numbered parasegments (ftz stripe 2
orresponds to PS4; Hafen et al., 1984; Lawrence et al.,
1987). In st2-kni embryos, nuclei at the center of ftz stripe
2 contain only about 50% of the Hb normally present at this
position (compare Fig. 3H with Fig. 3G). Thus, in wild-type
embryos, the PS4-hb stripe alters the profile of the anterior
Hb gradient by creating a peak of protein concentration at
midcycle 14, and also insures the perdurance of high Hb
levels at this position until the end of cellularization.
The PS4-hb Stripe Is Required for Formation of the
Mesothorax (T2)
In contrast to previous hb rescue experiments, the st2-kni
transgene removes the PS4-hb stripe without changing the
normal maternal and P2-hb gradients. We next examined
embryos carrying this transgene for morphological defects
later in development. More than 75% of these embryos die
by the end of embryogenesis (Table 1) and show deletions of
the T2 denticle band, which is derived from cells in PS4
(Fig. 1). While approximately 50% show a complete T2
deletion in dorsal and ventral regions, the phenotype is
more severe on the ventral side, with .90% completely
lacking the T2 ventral denticle band (Fig. 3K). The cause of
the phenotypic difference between dorsal and ventral re-
gions is not clear.
The T2 deletions observed in st2-kni embryos can be
explained by the lack of the PS4-hb stripe. However, some
Copyright © 2001 by Academic Press. All rightaspects of this phenotype may be caused by ectopic kni
activities unrelated to the removal of PS4-hb. To rule this
out, we attempted to rescue the st2-kni mutant phenotype
using eve stripe 2-hb misexpression constructs. We ob-
ained the best results using a transgenic line (st2DK-hb-1)
hat directs high levels of hb in a wide stripe that overlaps
the PS4 position (see Materials and Methods). This line
accumulates 85% of the wild-type Hb levels at the center of
PS4 (Figs. 3F and 3I), restoring the T2 segment, and fully
rescues st2-kni embryos to fertile adults (Table 1). These
results suggest that the deletion of T2 and lethality ob-
served in st2-kni embryos are mainly caused by repression
of PS4-hb.
Further experiments suggest that the level of expression
produced by the st2DK-hb transgene is critical for rescuing
efficiency. For example, a different transgenic line (st2DK-
hb-2), which drives an intermediate Hb level, rescues only
;75% of the affected embryos to adulthood (Table 1). To
test whether the precise position of the ectopic stripe is
important for rescue, we compared the st2DK-hb transgene
to another transgene (st2-hb), in which the Kr-binding sites
in the st2 enhancers were left intact (see Materials and
Methods). The stripe directed by the st2-hb transgene is
centered over the PS3 position, while the st2DK-hb stripe
xpands into the PS4 region (data not shown). For this
xperiment, we compared two lines (st2-hb-2 and st2DK-
b-2) that drive very similar expression levels. The st2-hb-2
ine is significantly less effective than the st2DK-hb-2 line
n rescuing the lethality observed in st2-kni embryos (Table
). Together, these results indicate that high levels of Hb at
he position of PS4 are critical for T2 development.
PS4-hb Is Critical for Activation of Antennapedia
To investigate the role of PS4-hb in T2 development, we
examined the expression patterns of segmentation and
homeotic genes in st2-kni embryos, and those fully rescued
by the st2DK-hb-1 transgene. We detected no changes in the
expression patterns of the gap genes Kr, kni, or gt in st2-kni
embryos. This suggests that Hb-mediated repression of
these genes is not dependent on the PS4-hb stripe. How-
ever, several genes normally expressed in PS4 were signifi-
cantly altered. One such gene is ftz. In st2-kni embryos,
activation of ftz stripe 2 is delayed, and reduced in intensity
(Kosman and Small, 1997; Fig. 4B). To test whether this
reduction affects ftz function, we examined expression of
the ftz target gene engrailed (en) (DiNardo and O’Farrell,
1987). en stripe 4, which is normally activated by ftz stripe
2, is also significantly reduced in st2-kni embryos (Fig. 4E).
The observed reductions in ftz stripe 2 and en stripe 4 could
lead to the T2 deletion caused by the removal of the PS4-hb
stripe. Surprisingly, however, addition of the st2DK-hb-1
transgene, which mediates complete rescue of morphologi-
cal defects in st2-kni embryos, does not detectably alter the
level of ftz stripe 2 (Fig. 4C) or en stripe 4 (Fig. 4F). The
failure to rescue these stripes may be due to the ectopic Kni
in this region. However, since these embryos are rescued to
s of reproduction in any form reserved.
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84 Wu et al.adulthood, the reduced ftz and en stripes must be capable of
supporting the establishment of the segment.
We also examined the expression of the homeotic gene
Antennapedia (Antp), which is first activated in late blas-
toderm embryos as a strong stripe that overlaps PS4, and in
the ventral-most cells of PS5 (Fig. 4G; Levine et al., 1983).
Loss-of-function Antp mutants show homeotic transforma-
tions of T2 and T3 toward a T1 fate, suggesting that Antp is
ritical for specifying pattern in these segments (Abbott and
aufman, 1986; Struhl, 1982; Wakimoto et al., 1984). The
S4-Antp stripe is abolished in zygotic hb mutants (Harding
nd Levine, 1988) and in ftz mutants (Ingham and Martinez-
rias, 1986; Irish et al., 1989), suggesting that these genes
are required for its activation. In st2-kni embryos, the
PS4-Antp stripe is completely missing, but the ventral
FIG. 3. The PS4-hb stripe is essential for the formation of T2. (A
shown for wild-type embryos (A, D) and embryos containing the
transgenes (C, F). The Hb patterns in (D)–(F) are semiquantified in
even-numbered parasegments. The peak of ftz stripe 2 (*) marks th
(J) and an unhatched larva carrying the st2-kni transgene (K). Larva
type, and are indistinguishable from their wild-type siblings. Thorexpression at PS5 is not affected (Fig. 4H). When the
Copyright © 2001 by Academic Press. All rightst2DK-hb-1 transgene is added to these embryos, there is a
reactivation of the PS4-Antp stripe (Fig. 4I), which is then
expressed at wild-type levels by the beginning of germ band
elongation (data not shown). The recovery of the Antp
stripe suggests that activation of Antp occurs as a direct
response to the increase of Hb protein at PS4, since there is
no detectable augmentation of the levels of ftz in the
escued embryos (Fig. 3I).
The preceding experiments suggest that Antp can be
efficiently activated with a reduced level of ftz activity. To
test this further, we used the eve stripe 2 enhancer to
misexpress the pair-rule gene hairy (h), which is a potent
repressor of ftz transcription (Carroll and Scott, 1986; Ish-
Horowicz and Pinchin, 1987; Tsai and Gergen, 1995). In
wild-type embryos, h is expressed in seven stripes (Fig. 5A;
Expression patterns of hb mRNA (A–C) and Hb protein (D–F) are
vated st2-kni construct (B, E) or both the st2-kni and st2DK-hb
I), along with the ftz mRNA expression pattern, which marks the
ter of PS4. Anterior larval cuticles are shown for a wild-type larva
ntaining both the st2-kni and st2DK-hb transgenes (L) appear wild
denticle bands are marked (T1, T2, etc.).–F)
acti
(G)–(
e cen
e coIsh-Horowicz et al., 1985) that overlap the anterior portions
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85Thoracic Patterning by hunchbackof the eve stripes (Fig. 1). Misexpressing h using the stripe 2
enhancer (st2-h) expands accumulation of h mRNA into the
interstripe between h stripes 2 and 3 (Fig. 5C) and causes a
deletion of T2 (Fig. 5E). As with the st2-kni deletion, the
effect is stronger on the ventral side of the embryo. At the
molecular level, st2-h misexpression represses ftz stripe 2
n a dose-dependent manner. High levels completely abol-
sh the stripe, especially in ventral regions (Figs. 5B and 5D),
FIG. 4. The st2DK-hb transgene specifically rescues the repression
(red) and ftz (black), en (blue), and Antp (red) and ftz (black) are s
onstruct alone (B, E, H), and embryos carrying both the st2-kni an
TABLE 1
Ectopic hb Driven by the eve Stripe 2 Enhancer Rescues the Letha
Parental crosses
male female Cy
st2-kni/CyO 3 yw 9
st2-kni/CyO 3 st2-hb-2d/TM3Sba 1
st2-kni/CyO 3 st2DK-hb-2d/TM3Sba 1
st2-kni/CyO 3 st2DK-hb-1/st2DK-hb-1 10
a In these crosses, only Sb1 progeny were scored.
b We assume that 26% (242/930) of st2-kni embryos will surviv
c Rescuing index 5 No. of actual CyO1 progeny 2 No. of expecte
No. of actual CyO progeny 2 No. of expecte
d The st2-hb-2 and st2DK-hb-2 lines direct similar levels of ectomarks the anterior of PS4, is marked by an asterisk (D–F).
Copyright © 2001 by Academic Press. All rightnd prevent the activation of en stripe 4 (Fig. 5F). This result
s consistent with a direct role for ftz in activation of en. In
ontrast, the ectopic h does not cause a significant change
n activation of PS4-Antp (Fig. 5D), suggesting that PS4-
ntp expression can be activated in the absence of ftz
ctivity. The PS4-hb stripe is also unaffected in these
mbryos, consistent with the hypothesis that Antp is spe-
ifically activated by Hb.
S4-Antp expression in st2-kni embryos. The mRNA patterns of hb
n for wild-type embryos (A, D, G), embryos carrying the st2-kni
e st2DK-hb transgenes (C, F, I). The position of en stripe 4, which
Caused by Low Levels of st2-kni
1 progeny
Expected CyO1
without rescueb
Rescuing
indexcCyO1
242 242
60 35 0.25
120 38 0.76
1120 278 1.06
hout rescue in each group.
O1 without rescue
O1 without rescue
b expression based on RNA in situ results.of P
how
d thlity
F
O
30
34
46
70
e wit
d Cy
d Cys of reproduction in any form reserved.
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86 Wu et al.Repression Mechanisms Mediated by the Anterior
Zygotic hb Domain
As mentioned above, previous experiments have impli-
cated Hb as a repressor of the gap genes Kr, kni, and gt,
ut the expression domains of these genes are not af-
ected by the removal of the PS4-hb stripe. Another gene
controlled by Hb-mediated repression is the homeotic
gene Ultrabithorax (Ubx) (Qian et al., 1991; White and
Lehmann, 1986; Zhang et al., 1991), which is strongly
expressed as a stripe at the position of PS6 in late-
blastoderm embryos (Fig. 6A). Since the PS4-hb stripe is
also expressed at this stage, we tested whether it is
required for setting the anterior Ubx expression border.
Like the gap gene targets (Kr, kni, and gt), Ubx expression
is undisturbed in embryos specifically lacking the PS4-hb
stripe (data not shown). Thus, the peak of protein pro-
vided by this stripe is not required for repression of any of
these four genes.
In wild-type embryos, the anterior borders of Kr, kni,
gt, and Ubx are located at different positions along the
anterior–posterior axis (Fig. 1), suggesting that they re-
spond to different thresholds of Hb concentration. The
position of the gt border, which lies most posteriorly, is
established by the maternal Hb gradient. There is very
little change in the position of this border in zygotic hb
mutants (Eldon and Pirrotta, 1991; and data not shown),
suggesting that the maternal gradient is sufficient for gt
repression. The anterior kni border, which lies six to
eight nuclear diameters from nuclei that produce zygotic
hb mRNA, is also initially established by the maternal
gradient. In mutants lacking zygotic hb, this border is
correctly positioned early in cycle 14, but there is an
anterior expansion at midcycle 14 (Hulskamp et al., 1990;
Fig. 6C), possibly due to degradation of the maternal
gradient. We tested whether this expansion is sensitive to
ectopic Hb driven by the st2DK-hb construct. These
experiments show a dose-dependent repression of kni
back to its original position (Figs. 6E and 6G). Since only
one copy of the transgene causes a strong repression, kni
is sensitive to very low levels of Hb. The homeotic gene
Ubx, which is normally expressed about four nuclear
diameters from the posterior edge of the hb domain, also
expands anteriorly in zygotic hb mutants (Fig. 6D; White
and Lehmann, 1986). Addition of the st2DK-hb transgene
causes a dose-dependent repression of this gene as well
(Figs. 6F and 6H). In this case, two copies of the transgene
are significantly more effective than one, suggesting that
Ubx repression requires a higher level of Hb than kni.
Finally, we tested the gap gene Kr, whose anterior border
overlaps the hb expression domain in wild-type embryos.
This gene expands anteriorly in zygotic hb mutants
(Hulskamp et al., 1990), but cannot be repressed even by
two copies of the st2DK-hb transgene (data not shown).
This suggests that a very high level of Hb, or a combina-
torial mechanism, is required for repression of Kr (see
Discussion).
Copyright © 2001 by Academic Press. All rightPartial Rescue of Zygotic hb Mutants by st2DK-hb
To further dissect the functions of subregions of anterior
zygotic hb expression, we examined larval cuticles from
zygotic hb mutants that also contain the st2DK-hb-1 trans-
gene. Externally, hb mutant cuticles lack all three thoracic
segments (T1–T3), and exhibit an enlarged first abdominal
segment A1 (Lehmann and Nusslein-Volhard, 1987; Fig.
7B). Addition of the st2DK-hb-1 transgene results in specific
rescue of the prothorax (T1), and returns A1 to its normal
size (Fig. 7C). Rescue with two copies of the transgene
further increases the size of the thorax, and rescues the
dorsal part of T3 (data not shown). T2, however, is never
present in these embryos, suggesting that the Hb levels
generated by the transgene alone are not sufficient to rescue
this segment.
In presumptive cephalic regions, zygotic hb mutants lack
elements of the labial segment, including the H-piece and
labial sense organs, and other head structures are severely
disorganized (Lehmann and Nusslein-Volhard, 1987; Fig.
7B), probably due to a disruption of head involution. Intro-
duction of the st2DK-hb-1 transgene causes a very weak
rescue of these defects (Fig. 7C), compared to the mostly
wild-type head structures found in hb mutants rescued by
P2-hb transgenes (Lukowitz et al., 1994; Margolis et al.,
1995). Since the st2DK-hb transgene is activated at a later
stage than P2-hb, perhaps high levels of Hb present earlier
in anterior regions are required for the correct formation of
these structures. However, the expression patterns of the
head gap genes orthodenticle (otd), button-head (btd), and
empty-spiracles (ems) are not affected in zygotic hb mu-
tants (data not shown), raising the possibility that Hb may
function indirectly by preventing the expression of repres-
sors of head development. A candidate for such a repressor
is Kr, which cannot be repressed by even two copies of the
st2DK-hb-1 transgene. Perhaps the expanded Kr domain
causes the remaining head defects in hb mutants that are
partially rescued by the st2DK-hb transgene (Fig. 7C).
To test this, we genetically removed one copy of the Kr
gene from these embryos. This manipulation causes a
dramatic rescue of most head structures (Fig. 7D), and a few
embryos (;10%) display anterior phenotypes that are indis-
tinguishable from wild type. This suggests that the expan-
sion of Kr into presumptive head regions prevents normal
head development, and that an important function of P2-hb
is to restrict Kr to more posterior regions. However, the
larval heads of Kr/1;hb/hb embryos still exhibit many
morphological defects (Fig. 7E), suggesting that Hb also
patterns the head by mechanisms that are independent of
its role in Kr repression.
DISCUSSION
The Role of Zygotic Hb in Patterning the Thorax
The concentration profile of Hb in anterior regions of the
embryo changes dramatically during the blastoderm stage
s of reproduction in any form reserved.
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87Thoracic Patterning by hunchbackof development. A shallow maternal gradient is trans-
formed by the zygotic activation of P2-hb into a broad
anterior domain with a steep posterior border. This domain
is further changed by the expression of the zygotic PS4-hb
stripe, which creates a localized peak of Hb, which lasts
until just before gastrulation. Removal of this stripe causes
a specific deletion of the mesothorax (T2), suggesting that
the combination of two copies each of maternal hb and
P2-hb can direct the proper development of the head, the
prothorax (T1), and the metathorax (T3), but not T2. These
results are consistent with attempts to rescue the zygotic
hb mutant phenotype using P2-hb transgenes (Hulskamp et
al., 1994; Margolis et al., 1995), P1-only-hb transgenes
(Wimmer et al., 2000), and st2-DK-hb trangenes (this paper).
In these cases, there is rescue of T1, and sometimes T3, but
not T2. Thus, a high level of Hb protein derived from the
combination of P2-hb and PS4-hb is required for T2 forma-
tion.
The requirement for high Hb levels at this position is
consistent with the fact that the T2 segment is lost in a
small percentage of embryos heterozygous for hb null
alleles (Lehmann and Nusslein-Volhard, 1987). Interest-
ingly, quantification of Hb levels in hb heterozygotes from
heterozygous mothers shows that nuclei at the center of
PS4 contain approximately 75% of wild-type levels rather
than the expected 50% (data not shown). It is not clear
whether this reflects a stabilization of maternal Hb, or
some other mechanism that increases protein levels when
there is only one active copy of the gene. In st2-kni embryos
that lack the PS4-hb stripe, the Hb concentration at this
position drops to 50%, leading to the loss of T2 in 75% of
the embryos. These results suggest that the threshold of Hb
required for establishment of the mesothorax is between 50
and 75% of the wild-type levels at this position.
The PS4-hb Stripe Activates Antp
Previous work suggests that Hb activates and represses
transcription of several target genes along the anterior–
posterior axis. In principle, the PS4-hb stripe could contrib-
ute to many of these functions, but our results suggest that
its primary role is activation of the homeotic gene Antp in
S4. We propose that the PS4-hb stripe plays two critical
roles in this process. First, it may simply increase the level
of Hb concentration above that required for Antp activa-
tion. Second, it may play an important temporal role. The
Bcd-dependent P2-hb domain is expressed during the begin-
ning of cycle 14, but declines before the end of this cycle.
Antp, however, is not activated until just before the onset of
gastrulation (Harding and Levine, 1988). Since the PS4-hb
stripe is activated at midcycle 14, and protein at this
position persists until after gastrulation has begun, this
stripe may function as a temporal bridge between the early
hb pattern and the activation of Antp.
Previous experiments showed that the PS4-Antp stripe is
not present in zygotic hb mutants (Harding et al., 1985). i
Copyright © 2001 by Academic Press. All rightHowever, the PS4-Antp stripe is also absent in ftz mutants
(Harding and Levine, 1988; Ingham and Martinez-Arias,
1986; Irish et al., 1989), and ftz stripe 2 is one of several
stripes disrupted in hb mutants (Hulskamp et al., 1994; Fig.
4B), suggesting that Hb activation of Antp occurs indirectly
through ftz. Here, we show activation of Antp in embryos
that contain low (Fig. 4I) or undetectable (Fig. 5D) levels of
ftz mRNA, suggesting that Hb concentration is the critical
activating factor. Thus, the exact role that ftz plays in Antp
activation is not clear. One possibility is that very low
levels of Ftz, below our detection capabilities, are sufficient
for Antp activation when high levels of hb are present. In
this model, Ftz activity might be required to potentiate
activation by Hb. Alternatively, in wild-type embryos, Ftz
may function indirectly, possibly by restricting the expres-
sion of other genes that act as repressors of Antp.
Zygotic hb mutants also show an anterior expansion of
the Ubx expression domain (White and Lehmann, 1986).
Since Ubx is a potent repressor of Antp (Carroll et al., 1986),
Hb-mediated activation of Antp could be indirect through
epression of Ubx. Two results argue against this model.
irst, removal of the PS4-hb stripe abolishes Antp expres-
ion in PS4, but does not change the position of the Ubx
xpression domain. Second, when zygotic hb mutants are
escued with one or two copies of the st2DK-hb transgene,
here is a dose-dependent repression of Ubx, but no activa-
ion of Antp. This suggests that Hb’s role in repression of
bx is independent of its role in activation of PS4-Antp
xpression. Thus, our results suggest that each part of the
b zygotic expression pattern provides a specific function in
ntp activation. The P2-hb expression domain permits
ctivation at PS4 by restricting the repressor Ubx to more
osterior regions of the embryo. The PS4-hb stripe, how-
ver, provides the high concentration and perdurance of Hb
equired for Antp transcription.
The Hb Repression Gradient
Our results also clarify some of the repressive relation-
ships between Hb and several target genes that are ex-
pressed in different positions along the anterior–posterior
axis. Since none of these genes are affected in st2-kni
embryos that specifically lack the PS4-hb stripe, the com-
bination of maternal hb and the P2-hb domains must be
sufficient for creating an effective repression gradient. The
target genes can be arranged according to their repression
sensitivities, with the posterior gt domain responding to the
lowest levels, followed by kni, Ubx, and finally Kr, which is
esistant to relatively high Hb levels. This arrangement
orrelates well with the positions of their anterior borders
long the anterior–posterior axis (Fig. 1). Interestingly, how-
ver, maternal and zygotic Hb expression patterns are
ifferentially required for the repression of these genes. For
t, the anterior border position set by maternal Hb does not
hange in zygotic hb mutants. For kni, the anterior border is
nitially set by maternal Hb, but expands later in zygotic hb
s of reproduction in any form reserved.
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88 Wu et al.mutants. This expansion is sensitive to ectopic Hb, suggest-
ing that the P2-hb domain is required for maintaining the
original position of the anterior kni border. For Ubx, ex-
pression is not activated until late in cycle 14, and thus is
probably not affected by maternal Hb. However, P2-hb is
required for setting this border just before the onset of
gastrulation.
Compared to these three repression targets, the ante-
rior border of Kr, which also expands in zygotic hb
mutants, is very resistant to repression by hb. There are
several possible explanations for these results. First, it is
possible that the misexpression transgenes used here do
not produce high enough levels of Hb for Kr repression,
hich is consistent with previous experiments. For ex-
mple, embryos from bcd torsolike (tsl) double mutant
emales lack zygotic Hb expression, and exhibit a dra-
atic expansion of Kr all the way to the anterior tip. This
FIG. 5. Effects of st2-h on embryonic patterning. The mRNA exp
ontaining an activated st2-h transgene (C). Embryos containing e
cause a deletion of T2 (E). The expression patterns of PS4-hb (B) an
D–F) are marked with asterisks.xpansion is not affected by even four copies of maternal T
Copyright © 2001 by Academic Press. All rightb (Struhl et al., 1992), but can be repressed from the
nterior tip by an artificial Hb gradient produced by
ttaching the bcd 39UTR to the Hb-coding region (Schulz
nd Tautz, 1994). This artificial gradient must generate a
ery high level of Hb protein.
The expansion of Kr observed in bcd tsl mutants is much
reater than that seen in zygotic hb mutants, suggesting
hat other factor(s) controlled by Bcd are required for setting
his border (Struhl et al., 1992). The best candidate for such
factor is the anterior gt domain, which is completely
ontained within the anterior hb domain (Fig. 1). There is
n anterior expansion of Kr in gt mutants (Wu et al., 1998),
nd a more dramatic expansion in gt;hb double mutants
han in either zygotic hb or gt alone (Kraut and Levine,
991). Furthermore, ectopic expression experiments suggest
hat Kr is very sensitive to Gt-mediated repression (Eldon
nd Pirrotta, 1991; Kraut and Levine, 1991; Wu et al., 1998).
on pattern of h (blue) is shown for a wild-type embryo (A) and one
c h (B–F) fail to activate ftz stripe 2 (B, D), and en stripe 4 (F), and
4-Antp (D) are not significantly affected. The positions of PS4 (B,ressi
ctopi
d PShus, repression of the anterior Kr border seems to require
s of reproduction in any form reserved.
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89Thoracic Patterning by hunchbackboth Hb and Gt activities. However, the exact roles played
by these two proteins are still not clear. Perhaps both genes
are involved in active repression of Kr, with Hb initiating
repression early in cycle 14 and Gt maintaining it in
midcycle 14. The Kr expansion seen in gt mutants occurs
only later in cycle 14 (data not shown), consistent with this
idea. Also, Hb may exert part of its repressive activity
indirectly through gt. It has been shown that the anterior gt
omain shifts anteriorly in zygotic hb mutants (Eldon and
irrotta, 1991). Thus, Hb activity is required for the correct
ositioning of the gt domain, which then acts as a strong
epressor of Kr. Such a mechanism would allow for the
bserved overlap between the endogenous hb and Kr expres-
FIG. 6. Zygotic hb maintains the anterior border of kni and sets t
14, and stained for kni (black) and ftz (red) mRNAs. Embryos on the
ftz (red) mRNAs. Genotypes are marked on the individual panels
patterns were determined as a percentage of embryo length (0% re
48%; (C) hb/hb, 62%; (E) st2DK-hb, hb/hb, 49%; (G) 2X st2DK-hb, h
hb/hb, 58%; (H) 2X st2DK-hb, hb/hb, 52%.ion domains. (
Copyright © 2001 by Academic Press. All rightPositioning Homeotic Gene Expression Patterns
The homeotic genes Scr, Antp, and Ubx are initially
xpressed in stripes positioned at PS2, PS4, and PS6,
espectively. Previous studies showed that the initial
tripes of all three genes are missing in ftz mutants
Ingham and Martinez-Arias, 1986; Irish et al., 1989).
hese observations led to the hypothesis that Ftz is the
rimary activator of all three homeotic genes, and that
he gap genes play roles in specifying which gene is
xpressed in each parasegment. The data in this paper
uggest a more direct role for the PS4-hb stripe in Antp
ctivation, and raise the possibility that other gap genes
sition of PS6-Ubx expression. Embryos on the left are at midcycle
t are in the process of gastrulation, and stained for Ubx (black) and
positions of the anterior borders of the kni and Ubx expression
nts the posterior pole), and are as follows. For kni: (A) wild-type,
, 47%. For Ubx: (B) wild-type, 51%; (D) hb/hb, 61%; (F) st2DK-hb,he po
righ
. The
prese
b/hbspecifically gt and Kr) may play similar roles in activa-
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90 Wu et al.tion of Scr and Ubx (see Fig. 8). The timing of expression
patterns and several genetic experiments support this.
For example, the anterior gt expression domain refines in
midcycle 14 to two stripes, and a novel stripe appears
near the anterior tip. The most posterior of these three
stripes overlaps the PS2-Scr stripe, and is expressed at
igher levels than the others in late cycle-14 embryos
Hewitt et al., 1999). In gt mutants, there is a severe
eduction of Scr in PS2 (Reinitz and Levine, 1990; Riley et
al., 1987), suggesting that Gt is required for efficient
activation. Similarly, the central Kr domain refines late
in cycle 14 to a narrower band that overlaps the PS6-Ubx
stripe, and mutations in Kr cause a severe reduction in
bx expression (Irish et al., 1989; White and Lehmann,
986).
It should be stressed, however, that gt and/or Kr may be
nly indirectly involved in activation of PS2-Scr and PS6-
bx, since many other expression patterns are disrupted in
hese mutants. For example, the loss of Scr in gt mutants
ay be caused by ectopic activation of Antp in PS2 (Reinitz
nd Levine, 1990). Also, Kr may permit activation of Ubx
y restricting other homeotic genes to more posterior
egions (Harding and Levine, 1988). Future misexpression
FIG. 7. Partial rescue of the zygotic hb phenotype using the st2DK
A), a zygotic hb mutant (B), a hb mutant partially rescued by o
eterozygous for Kr, with (D) or without (E) the st2DK-hb transgene.
the first abdominal segment (A1) as a point of reference. Zygotic h
abdominal segments, which is not shown here.-hb transgene. Anterior larval cuticles are shown for a wild-type larva
ne copy of the st2DK-hb transgene (C), and hb mutants that are also
The positions of the thoracic segments (T1, etc.) are marked, along with
b mutants were identified by a fusion between the seventh and eighthxperiments and the further analysis of the cis-regulation of
Copyright © 2001 by Academic Press. All rightFIG. 8. A genetic model for the spatial positioning of three
homeotic genes in even-numbered parasegments. The gap genes gt,
hb, and Kr may be involved in specific activation of Scr, Antp, and
Ubx, respectively, and in repression events that prevent anterior
expansions of homeotic genes that lie posterior to their expression
domains. Genetic data have shown that ftz is required for the
activation of these three homeotic genes. The role of ftz in
activation of Antp may be indirect (see text).
s of reproduction in any form reserved.
91Thoracic Patterning by hunchbackthe homeotic genes will be required to unravel these
mechanisms. Nevertheless, it is clear that the coordination
of positive and negative regulatory interactions by the gap
genes is critical for the placement of several homeotic
expression patterns and the establishment of different seg-
ments along the anterior–posterior axis of the Drosophila
body plan.
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